In this paper, fatigue assessment of a steel railway bridge is presented. The bridge is located in central Stockholm, Sweden, and is one of the most vital links for the railway network. The bridge services both freight trains and commuter trains with more than 500 passages per day. The main load bearing structure is designed as a steel grillage of welded I-beams. Fatigue critical sections have been identified at locations where secondary bracing systems are welded to the flanges of the I-beams. Both numerical simulations and extensive field measurements have shown a significant exceedance of the theoretical fatigue service life. Based on analysis of local stress concentrations, improvement of fatigue critical details have been suggested. The decrease in stress concentration is demonstrated both by numerical simulations and in-situ field measurements and shows a significant improvement when estimating the remaining fatigue service life.
Introduction
Fatigue assessment of existing railway bridges is often performed similarly to new bridges, by comparing a design stress range with the design fatigue strength. A more comprehensive procedure for fatigue assessments can be found in [4] . The fatigue strength is usually determined based on a detail category for nominal stresses and a prescribed number of stress cycles. If the allowable utilization is exceeded, more detailed assessments may be called for. A more realistic stress collective can be estimated by simulation of real trains and cycle counting, or optionally in combination with field measurements. Still, some bridges may fail to provide a sufficient remaining fatigue life. For cases of high stress concentrations, methods based on local approaches can be useful, both to determine the rate of cumulative damage and in suggesting detail improvement.
2.
Case study bridge A case study of the Söderström railway bridge is presented. The bridge carries two railway tracks between Riddarholmen and Söder Mälarstrand in central Stockholm, Sweden. A view of the bridge is seen in Fig. 1 . The bridge constitutes the only South railway passage to Stockholm Central station and an average of more than 500 trains pass the bridge every day. The bridge has been in service since 1950. During routine inspections, fatigue cracks in main beam -to web stiffener connections were found and an extensive capacity assessment of the bridge was initiated. The observed fatigue cracks were later repaired, however, the capacity assessment identified other fatigue critical connections [1] . A field measurement campaign was performed, partly verifying the theoretical estimates [5] [6] [7] [8] . Geometrical improvement of the most critical connections have been proposed, showing a potential improvement of the fatigue service life when assessed with local stress methods, further to be presented in this paper. 
Bridge properties
The bridge is designed as a six-span continuous steel grillage, carrying two railway tracks. The outer spans are 27 m and the inner spans 33.7 m, Fig. 2 . The tracks are supported by wooden sleepers, resting directly on the stringers, Fig. 3 . The stringers are continuous and welded to the cross beams. The distance between the cross beams is 3.4 m. The bridge is skewed in the horizontal plane by an angle of 10°.
Secondary bracing systems connects between the lower flange of the cross beams and the main beams as well as to the upper flanges of the stringers. All flange to bracing connections consist of transverse gusset plates, welded to the flange without any noticeable radius. These connections are found at more than 450 positions on the stringers, 100 positions on the main beams and 50 positions on the cross beams. The main concern is the fatigue service life of the stringers due to these connections. 
Instrumentation
A total of 54 strain gauges were instrumented at fatigue critical sections on the bridge. The full instrumentation can be found in [1] and [5] . In 2011, some gauges were repositioned to measure local stress concentrations near the transverse gusset plates. The instrumentation is presented in Fig. 4 , the location of the instrumented sections are indicated in Fig. 2 . A HBM MGCPlus data acquisition system with 20bit effective resolution was used. Data was sampled at 400 Hz and collected with the CaTMan® software. Strain gauges with a length of 6 mm were used at positions measuring nominal stresses. For measuring stress concentrations, gauge set 11;2;12, set 15;13;10 and set 27;28 consist of 1.5 mm gauges pre-bundled at specified distances.
The measured strain from passing trains is dominated by the quasi-static response, with moderate influence of higher frequency dynamics. The resonant speed of moving vehicles can be calculated using Eq. (1), where f 0 is the natural frequency of the structure and d the distance between axles. The maximum allowable speed is 80 km/h, corresponding to a load frequency of 8.5 Hz for an axle distance of 2.6 m. To attenuate noise and electrical disturbances, the signals are subjected to a 15 Hz digital Butterworth low-pass filter prior to fatigue assessment.
Fatigue assessment
The fatigue assessment presented in this paper is based on Palmgren-Miners linear damage rule, [13] , [12] . In Eq. (2), n Ei is the number of stress cycles with a stress range ∆σ Ri and N Ri is the maximum number of stress cycles until failure for a constant stress range. The stress collective is calculated using the Rainflow counting method in [15] and strain data from field measurements. The fatigue resistance follows the S-N curve described by Eq. (3), according to EN 1993-1-9 [2] . For N > 10 8 , the fatigue limit ∆σ L is used, ∆σ C denotes the reference fatigue strength at N = 2×10 6 cycles, determined by the detail category class. The measured stress is multiplied by the safety factor γ M = 1.35. 
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Nominal stresses
The connection between the beam flanges and the secondary bracing systems is identified as a transverse welded gusset plate, illustrated in Fig. 5 . Corresponding detail categories C nom to be used for nominal stress ranges are given by Table 2 . According to EN 1993-1-9, C nom for the present detail depends on the radius r and plate width w, for no radius C nom = 40 is given. In [3] however, additional criteria related to the length l of the gusset plate is provided. For the present study, C nom = 40 is used for all gusset plate connections. [2] and [3] .
Geometry C nom r/w ≥ 1/3 or r> 150 mm 90 1/6 ≤ r/w ≤ 1/3 71 r/w < 1/6 50 r = 0, l<150 mm 50 r = 0, l<300 mm 45 r = 0, l>300 mm 40
Structural stresses
Fatigue assessment based on local stresses is often used when no specific detail category is available. Recommendations and procedures are found in [3] , both for numerical approaches and field measurements. Recent developments in the field of local approaches are also found in [14] . The structural stress, also known as geometrical or hotspot stress, describes the macrostructural behaviour excluding local notch effects. The structural stress is usually evaluated based on extrapolation of stresses at prescribed distances adjacent to the notch, usually the weld toe. In Fig. 6 , the structural stress is obtained at point 5) based on a quadratic extrapolation of points 1) to 3). Optionally, a linear extrapolation using two points at different distances can be used. The real notch stress is obtained at point 6). For the notch-stress approach, an initial notch radius must be assumed to avoid a singularity at point 4). For a "type b" hotspot according to [3] , the hotspot stress is independent of the plate thickness and can be calculated directly; using quadratic extrapolation according to Eq. (4) or linear extrapolation using Eq. (5). The stress index refers to the distance from the weld toe. The resulting stress σ hs shall be related to a detail category C hs = 100 if l ≤ 100 mm or C hs = 90 if l > 100 mm. 
Geometrical improvement of local members
The fatigue strength of transverse gusset plates may be improved by increasing the transition radius. According to Table 2 however, a significant radius is needed which may not be possible for short gusset plates. Also, either of [2] or [3] accounts for different thickness of the loaded plate compared to the gusset plate. For the case study bridge, the gusset plates are 12 mm on the cross beam and 10 mm on the stringers. From Table 1 , the flange thickness is 52 mm for the cross beam and 20 mm for the stringers. In [10] and [11] , experiments on transverse gusset plates with radii of 20 mm to 50 mm was shown to improve the fatigue strength significantly.
The stress concentration at the connection between the flange and the gusset plate is studied using the FE-model shown in Fig. 7a) . The model consists of tetrahedron elements with an element length of 1 mm in the vicinity of the weld and 0.2 mm at the weld toe. The notch stress concentration factor K s at the weld toe is shown as function of the radius in Fig. 7b ). The calculated notch stress factors were used in combination with a global FE-model of the bridge to estimate the change in fatigue service life due to different radii. These analyses are beyond the scope of the present paper, but resulted in a proposed radius of 20 mm for both the stringers and the cross beams. In 2011, the effect of the proposed geometrical improvement was tested on two positions; one at a stringer and one at a cross beam. Field measurements of hotspot stresses were performed before and after the improvement. Fig. 8 shows the geometry before and after improvement on the stringer, located at gauge 11;2;12 according to Fig. 4 . The geometry of the weld prior to improvement was grinded to obtain a 45° angle with the weld. The corresponding geometry of the cross beam is shown in Fig. 9 , located at gauge position 15;13;10. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
Cumulative damage based on field measurements
Continuous measurements were performed during a five day period both before and after the geometrical improvement. In total, 2225 train passages were recorded before the improvement and 1721 train passages after the improvement. The raw data was stored in 30 min blocks by the data acquisition system. Each train record was later extracted from the raw data using routines developed in MATLAB [9] . Any incomplete train passages at the beginning or the end of each file was discarded and consequently not included in the fatigue assessment.
The stress collective calculated before and after the geometrical improvement is presented in Fig. 10 . The stresses before improvement are calculated based on Eq. (4). After the improvement, there is no obvious position for extrapolation and the stress is instead calculated based on the mean value of all three strain gauges. A detail category C = 100 is used after the improvement, corresponding to base material rather than hotspot stresses. A total fatigue service life is estimated based on the cumulative damage from the above recorded train passages and assuming an average of 500 train passages per day. This does not account for any difference in load history occurring since the bridge was put in service and is rather to be seen as an equivalent of today's load intensity. The results for all available positions are presented in Table 3 . Only changes at the hotspot gauges are expected and any differences at other locations before and after the improvement are to be seen as uncertainties in the fatigue assessment.
At the stringer, the service life based on nominal stresses ranges between 2 -18 years, in agreement with both significantly longer measurement periods [5] - [8] and numerical simulations of MonteCarlo seeded train data [1] . At the connection with the cross beam, gauge 25 and 26 does not indicate any risk of fatigue. Similar results are obtained from both periods of measurement, with the exception of gauge 3, showing higher fatigue service life on the adjacent side of the gusset plate. Discarding gauge 3, 25 and 26, the average service life is 7 years with an appertaining standard deviation of 4 years.
For the cross beam, nominal stresses show a service life in the range 24 -89 years. One exception is gauge 16 on the adjacent side of the gusset plate, which does not indicate any risk of fatigue. Discarding gauge 16, the average service life is 55 years with an appertaining standard deviation of 24 years. The large scatter in results may be due to partial stress concentrations at positions intended for nominal stress evaluation in combination with many stress cycles near the theoretical fatigue limit.
From the hotspot stresses, a significant increase in fatigue service life is found after the geometrical improvement. The same fatigue service life is obtained by using the hotspot stresses from gauge 11;2;12 as from the nominal stress in gauge 1, both on the same stringer flange. Using a linear extrapolation of gage 27;28 does however result in a longer service life. It is not clear if this is due to the method of linear extrapolation or other inherent stresses at that position. The additional increase for the second measurement period may be related to similar effects as obtained for gauge 3. For the cross beam, the hotspot stresses results in a service life comparable to the lower range of the nominal stresses. After the improvement, both the stringer and the cross beam indicate that they are not prone to future fatigue damage. 3  18  63  14  32  45  II  27;28  40  98  5  5  7  16 >100  >100  I  15;13;10  19  >100  7  14  14  31  65  85   II   21  7  8  32  24  24  22  11  11   II   29  89  83  23  2  3  30  73  48  24  3  3  31  65  85  25 >100  >100  32  24  24  26 >100 >100
Conclusions
In this paper, the fatigue service life of a steel railway bridge has been investigated. Transverse gusset plates connecting the secondary bracing system to the flanges of the main load bearing system are found to be the most fatigue critical components. In total, more than 600 connections are found on the bridge. Based on field measurements, an insufficient fatigue service life was found for the stringers and cross beams. The results are in agreement with previous numerical simulations.
The results are inflicted with large uncertainties, both due to stress ranges dominantly near the theoretical fatigue limit and due to stress concentrations related to an overall complicated structural behaviour. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 An improvement of the local geometry at the transverse gusset plate has been proposed and analysed by means of local stress approaches. A radius of 20 mm was cut out from the gusset plate on both a stringer and a cross beam. Field measurements before and after improving the geometry was performed. The results indicate that the improved geometry is not prone to future fatigue damage.
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